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Frankenberg NT, Lamb GD, Overgaard K, Murphy RM, Vissing K. Small heat shock proteins translocate to the cytoskeleton in human skeletal muscle following eccentric exercise independently of phosphorylation. J Appl Physiol 116: 1463-1472, 2014. First published April 3, 2014; doi:10.1152/japplphysiol.01026.2013.-Small heat shock proteins (sHSPs) are a subgroup of the highly conserved family of HSPs that are stress inducible and confer resistance to cellular stress and injury. This study aimed to quantitatively examine whether type of contraction (concentric or eccentric) affects sHSPs, HSP27 and ␣B-crystallin, localization, and phosphorylation in human muscle. Vastus lateralis muscle biopsies from 11 healthy male volunteers were obtained pre-and 3 h, 24 h, and 7 days following concentric (CONC), eccentric (ECC1), and repeated bout eccentric (ECC2) exercise. No changes were apparent in a control group (n ϭ 5) who performed no exercise. Eccentric exercise induced muscle damage, as evidenced by increased muscle force loss, perceived muscle soreness, and elevated plasma creatine kinase and myoglobin levels. Total HSP27 and ␣B-crystallin amounts did not change following any type of exercise. Following eccentric exercise (ECC1 and ECC2) phosphorylation of HSP27 at serine 15 (pHSP27-Ser15) was increased approximately 3-to 6-fold at 3 h, and p␣B-crystallin-Ser59 increased ϳ10-fold at 3 h. Prior to exercise most of the sHSP and psHSP pools were present in the cytosolic compartment. Eccentric exercise resulted in partial redistribution of HSP27 (ϳ23%) from the cytosol to the cytoskeletal fraction (ϳ28% for pHSP27-Ser15 and ϳ7% for pHSP27-Ser82), with subsequent full reversal within 24 h. ␣B-crystallin also showed partial redistribution from the cytosolic to cytoskeletal fraction (ϳ18% of total) 3 h post-ECC1, but not after ECC2. There was no redistribution or phosphorylation of sHSPs with CONC. Eccentric exercise results in increased sHSP phosphorylation and translocation to the cytoskeletal fraction, but the sHSP translocation is not dependent on their phosphorylation. HSP27; ␣B-crystallin; phosphorylation; eccentric exercise; single fibers HEAT SHOCK PROTEINS (HSPs) are a highly conserved family of proteins that are stress inducible and confer resistance to various forms of cellular stress and injury (26) . Small heat shock proteins (sHSP) are a distinct subclass of HSPs characterized by a conserved COOH-terminal crystallin domain. HSP27 (homologous to rodent HSP25) and ␣B-crystallin, also known as HspB1 and HspB5, respectively, are the most widely distributed members of the sHSP family, being constitutively expressed in many cell types. In muscle, an important function of HSP27 and ␣B-crystallin seems to be the ability to stabilize the cytoskeleton and myofibrils, as they appear to prevent denatured proteins from irreversibly aggregating (3, 11) . In addition to this sHSPs are seemingly involved in the regulation of the cellular redox state (17) and inhibition of cellular apoptotic pathway (12, 30) .
In skeletal muscle, as in other organs, exposure to stressful insults can lead to the development of stress tolerance, meaning that it can bestow resistance to a second potentially damaging stimulus. Eccentric exercise (i.e., where contracting muscles are lengthened) constitutes one such stress. In unaccustomed individuals, eccentric exercise can result in membrane disruption, myofibrillar disorganization, increased intracellular Ca 2ϩ , and prolonged decrease in force-generating capacity (10, 21) . There are multiple effectors that enable muscle cells to adapt to exercise and recurrent stress events, with studies in rodents showing the sHSPs likely having an important role (15) . It is evident that the response of sHSPs is dependent on the type and intensity of the exercise. In humans, eccentric exercise has been reported to result in upregulation in the amounts of the sHSPs (6, 28, 29, 31) and also in their translocation (27) . In quiescent rat muscle the great majority of HSP25/HSP27 and ␣B-crystallin is present as freely diffusible proteins (1, 16, 18) . This changes however if the muscle is subjected to stresses such as increased temperature (19) or eccentric contractions in rat (15, 16) , cardiac cells (30) , and humans (31) , with the sHSPs translocating to the Z-disk region following eccentric contractions in rat skeletal muscle (16) . With concentric exercise in humans there appears to be no significant increase in the amounts of the sHSP (22, 31) , but it remains unclear whether or to what extent there is any sHSP translocation.
A further important aspect is that phosphorylation of HSP27 and ␣B-crystallin can regulate their activities or properties, although these are not well understood. From cell-based studies, it has been proposed that phosphorylation of sHSPs increases their cytoprotective effects, possibly by reducing the extent of sHSP oligomerization (13, 20) , although other studies do not support this (14) . In rat skeletal muscle, both at rest and following eccentric contractions, HSP27 and ␣B-crystallin were found to exist primarily as monomers rather than in large oligomeric complexes (16) , suggesting that there is no need for phosphorylation-induced deoligomerization of the sHSPs in skeletal muscle. We have previously shown in rat skeletal muscle that heat exposure induces an increase in the level of sHSP phosphorylation (at Ser85 on HSP27 and Ser59 on ␣B-crystallin) and that a large proportion of the phosphorylated sHSP become bound within the fibers (19) , but there was no evidence that the phosphorylated sHSPs became bound any differently from nonphosphorylated sHSPs. Koh and Escobedo (16) reported that eccentric contractions in rat skeletal muscle also resulted in increased phosphorylation of the sHSPs and movement of most of the sHSPs from the soluble/cytosolic fraction to the insoluble/cytoskeletal fraction. In regard to human skeletal muscle, there are no reports to date either on the phosphorylation state of particular sHSP Ser residues or on the localization of phosphorylated HSP27 and ␣B-crystallin in exercised muscle.
In the present study we investigated the amounts and localization of HSP27 and ␣B-crystallin and their phosphorylated forms (HSP27-Ser15 and -Ser82 and ␣B-crystallin-Ser59) in human skeletal muscle at rest and following concentric and eccentric exercise. Specifically, we examined whether there were changes in the amounts of the sHSP and the phosphorylated sHSPs in the muscle following the different types of exercise and whether phosphorylation affected the distribution of the sHSP within the muscle cells. Our hypotheses were that 1) there would be upregulation of phosphorylated sHSP protein following muscle-damaging eccentric exercise (ECC1), but not concentric exercise (CONC); 2) that the sHSP upregulation and translocation would be attenuated upon a repeated bout of eccentric exercise (ECC2), due to there being less muscle damage and hence less stress; and 3) that phosphorylated sHSPs would be found predominantly in the cytoskeletal fraction, both before and following eccentric exercise.
METHODS AND MATERIALS
Exercise subjects and protocol. Details of the exercise protocol and outcomes have been described elsewhere (25) , and additional results from these experiments appear in the literature (24, 31, 32) . All subjects were healthy and physically active males, and written consent was obtained from all participants. All experiments were carried out in accordance with the declaration of Helsinki and approved by the Danish Ethical Committee of Aarhus (J. no. 20040159). Muscle tissue from a subsample of those subjects was analyzed in the present study (11 subjects for whom full data sets were available and 5 control subjects; mean Ϯ SD; 24 Ϯ 3 yr old, 183 Ϯ 9 cm height, 79 Ϯ 8 kg mass). Subjects performed a single 30-min bout of bench-stepping at a predetermined step height of 110% of the lower leg length at 60 steps per minute. This protocol enables the muscle involved in knee extension to work concentrically (CONC) on the step up and the same muscles in the other leg to contract eccentrically (ECC1) on the step down using the same leg. The step exercise protocol was then repeated 8 wk after the first exercise bout, and muscle samples were again obtained from the eccentrically working leg (ECC2). No exercise was performed for the control subjects (n ϭ 5). As described elsewhere (25, 32) , several methods were used to measure the extent to which different exercise modalities induced muscle damage. Perceived muscle soreness was 40% greater in the ECC1 leg over the CONC leg 2 days after exercise. In regard to muscle force loss, an 11-15% reduction was observed 1-2 days after eccentric exercise (ECC1 and ECC2). In the subsample of 11 subjects used here, the loss of muscle force was greater 3 h following ECC1 compared with ECC2 (P Ͻ 0.05, paired t-test), with peak loss of muscle force occurring at 24 h postexercise. Muscle damage due to eccentric exercise was also indicated by biochemical measurements showing a ϳ100-fold increase in plasma myoglobin and a ϳ10-to 30-fold increase in plasma creatine kinase at 3 days and 4 days after ECC1, with no such changes evident after ECC2.
Muscle samples. Muscle biopsies were taken under local anesthetics at least 3 cm apart from the vastus lateralis at selected time points before and after exercise [1 wk prior to (Pre), and 3 h, 24 h, and 7 days post exercise bout]. Samples were collected from both the concentrically (CONC) and the eccentrically (ECC1) exercised leg after the first bout of exercise and exclusively from the eccentrically exercised leg after the second bout (ECC2). The control group underwent exactly similar experimental procedures and protocol to the first exercise bout, except no exercise session was performed. Samples were immediately frozen in liquid nitrogen and kept at Ϫ80°C until analysis.
Whole muscle preparation. Muscle samples were the same as those previously described (9) whereby we could determine the level of total and phosphorylated sHSPs in muscle samples with all constituents present (i.e., no centrifugation). Samples collected from each subject (n ϭ 11), for each intervention (ECC1, ECC2, CONC) and each of the four time points (i.e., preexercise and 3 h, 24 h, and 7 days postexercise), as well as at the same time points for the control individuals (n ϭ 5), were prepared (152 samples collectively). Samples of a mixed muscle homogenate from the subjects were utilized to produce calibration curves on all Western blots (see below); the same mixed muscle homogenate was run on all gels, allowing direct comparison of the Western blots between the different gels.
Distribution of sHSP using crude fractionation. To determine the distribution of total and phosphorylated sHSPs in human muscle, homogenates prepared for our previous work on HSP72 were used (9) , where the muscle of each subject was fractionated into three crude fractions: cytosolic, membrane/nuclear, and cytoskeletal, without loss or discarding of any material. The three fractions were loaded on the same gel at a ratio of 1 cytosolic:2 nuclear/membrane:1 cytoskeletal, in order to ensure that the nuclear/membrane fraction was loaded above the threshold of detection for the sHSPs. Taking into account these loading ratios, the densities of the HSPs in each fraction could then be used to determine the distribution of the total amount of sHSP in the muscle of each subject.
Western blotting. Total protein in samples (i.e., 2.5 g in total homogenates, ϳ10 g in fractionated muscle loaded across three lanes) was separated on 4 -15% Criterion Stain Free gels (Bio-Rad, Hercules, CA) as previously described (9, 24) . After appropriate washes and blocking, membranes were probed with the required primary antibody (mouse monoclonal anti-␣B-crystallin SPA222, Stressgen, 1:1,000; rabbit polyclonal anti-␣B-crystallin-Ser59 SPA227, Stressgen, 1:1,000; mouse monoclonal anti-HSP27 SPA803, Stressgen, 1:1,000; rabbit polyclonal anti-HSP27 MA3-015, Thermo Scientific, 1:1,000; mouse monoclonal anti-pHSP27-Ser82 ALX-804 -588, Enzo Life Sciences, 1:200; rabbit polyclonal anti-pHSP27-Ser15 2231-1, Epitomics, 1:1,000) constantly rocked overnight at 4°C and for 2 h at room temperature. Following washes and probes with secondary antibodies [goat anti-mouse IgG-horse radish peroxidase (HRP), 31430, Pierce and goat anti-rabbit IgG-HRP 31460, Pierce both diluted 1:20,000], densitometry was performed following capture of chemiluminescent images (Chemidoc MP and ImageLab software, Bio-Rad) using Quantity One software (BioRad). Images of the molecular mass markers on a membrane were captured under white light prior to chemiluminescent imaging without moving the membrane. Each Western blot run included the same human muscle calibration samples. Band densities for sHSP and phosphorylated sHSP protein were quantified by reference to the calibration curve generated on the same gel and the values then normalized by the amount of material loaded in the lane as indicated from the Stain Free gel image (using the myosin band for whole muscle homogenate samples, and the sum of all bands, i.e., total protein, for muscle fraction samples). There was no significant difference in the myosin content relative to the total protein at any of the time points (P ϭ 0.29, one-way ANOVA).
Statistical analyses. The sHSP data at the different time points in each subject were expressed relative to the Pre level in that subject (using Pre ECC1 for both the ECC1 and ECC2 data, and Pre CONC for CONC data) and presented as means ϩ SE for the 11 subjects. Whole and fractionated muscle data were not normally distributed, determined using D'Agostino and Pearson omnibus normality test, and so the data were statistically examined using the Friedman nonparametric repeated-measures test for Pre vs. all combinations of times for a given exercise bout, followed by post hoc analysis (Dunn's multiple comparison test). The distributions of each protein in a given fraction were analyzed by one-way ANOVA with repeated measures, followed by post hoc analysis (Tukey's multiple comparison test). Statistics were performed using GraphPad Prism versions 4 or 5.
Significance was set at P Ͻ 0.05.
RESULTS
Exercise effects of sHSP protein expression and phosphorylation in whole muscle. Analyses of the sHSP protein in control (nonexercised) subjects showed no change in sHSP and psHSP protein contents between the different biopsy times ( Table 1) . As these levels were unchanged, no further examinations were conducted with these samples.
In the subjects who undertook exercise, there was no significant difference in the amount of HSP27 or ␣B-crystallin present in the contralateral legs before exercise, that is, between the Pre levels for the ECC1 and CONC legs. Compared with the Pre level, HSP27 amount was not significantly different at any of the time points (3 h, 24 h, or 7 days) following any of the exercise interventions (Fig. 1C) . In contrast, pHSP27-Ser15 levels were elevated 3 h (ϳ3.6-fold) and 24 h (ϳ2.7-fold) after ECC1 and 3 h (ϳ6 fold) after ECC2, with no significant changes after CONC (Fig. 1D ). pHSP27-Ser82 was significantly elevated only at 3 h post ECC2 (ϳ2-fold, Fig.  1E ). Individual responses are shown in Fig. 1 , F and G, highlighting that there was large variability in the HSP27 phosphorylation responses between different subjects, particularly following ECC2.
There was no significant change in ␣B-crystallin amounts following any of the exercise protocols (Fig. 2B) . Also, there was no significant difference in the amounts of p␣B-crystallinSer59 between any time points following CONC (Fig 2C) . There was, however, a dramatic increase on average in the amount of p␣B-crystallin-Ser59 3 h after both ECC1 and ECC2 (ϳ12-and ϳ10-fold increases, respectively, Fig. 2C ). The individual responses for p␣B-crystallin-Ser59 (Fig. 2D) indicate quite extreme responses in 3 subjects following ECC1 and, while less extreme, still a large variability in phosphorylation responses following ECC2 in the different subjects. Interestingly, when the individual responses were examined, the two subjects who showed the largest increases in the level of pHSP27-Ser15 also showed very large increases in p␣B-crystallin-Ser59, whereas the pHSP27-Ser82 levels were almost unchanged in those same subjects (see triangles and squares in Fig. 1 , F and G, and Fig. 2D ; corresponding symbol represents same subject in all plots).
Distribution of sHSPs and phosphorylated sHSP following exercise. Crude fractionation into cytosolic, membrane, and cytoskeletal fractions was used to ascertain the amount of sHSPs in different skeletal muscle compartments following ECC1 and ECC2 (Fig. 3) and CONC (not shown). This fractionation method was recently fully described and validated, where relevant markers were shown to be present or absent in the crude cytosolic (GAPDH), membrane (SERCA1 and -2), and cytoskeletal fractions (actin and myosin) (9) . There were no significant changes in the amounts of total or phosphorylated sHSPs in the different fractions following CONC (not shown). Following ECC1 and ECC2, the amount of HSP27, relative to Pre levels, did not significantly change at any time point in the cytosolic and membrane fractions (white bars in Fig. 3 , E and F), but it was increased in the cytoskeletal fraction 3 h post-ECC2 (Fig. 3G) . The latter relative change however represents only a small increase in absolute terms, as most HSP27 was found in the cytosolic fraction at each time point. The pHSP27-Ser15 level, in contrast, was significantly increased (ϳ3-to 6-fold) in all three fractions, both at 3 h post-ECC1 and at 3 h post-ECC2 (gray bars in Fig. 3 , E-G). pHSP27-Ser82 was increased in the cytosol at 3 h post-ECC2 (ϳ2 fold) but was not significantly altered at other times or in the other fractions (black bars in Fig. 3 
, E-G).
There was a 3-fold increase in the amount of ␣B-crystallin in the cytoskeletal fraction 3 h after ECC1 (white bars in Fig.  3J ), with no significant changes in the other fractions (Fig. 3,  H and I) . Interestingly, there was no such increase in ␣B-crystallin in the cytoskeletal fraction following ECC2. p␣B-crystallin-Ser59 levels increased (ϳ4-to 10-fold) 3 h post-ECC1 and -ECC2 in both the cytosolic and cytoskeletal fractions (gray bars in Fig. 3, H and J) . There was large variability in both the pHSP27 and p␣B-crystallin responses of individuals, as indicated by the large SE values.
Percentage of total sHSPs and phosphorylated sHSP in muscle fractions. For each ECC1 biopsy we determined the percentage of the sHSP and the psHSP present in each of the fractions relative to the total. This was possible because there was no loss of any cellular constituents during the fractionation. At each time point, the amount of the particular sHSP (or psHSP) in a given fraction was expressed as a percentage of the total found across all three fractions. Table 2 presents the mean values for the 11 subjects. Before exercise (i.e., Pre) the great majority of each sHSP and psHSP was found in the cytosolic fraction in every case. At 3 h post-ECC1, the percentage of the total HSP27 present in the cytoskeletal pool increased from ϳ10% (Pre level) to ϳ33%, with a corresponding amount of HSP27 lost from the cytosolic pool (down from ϳ73% of the total pool to ϳ50%) ( Table 2) . Similarly, at that same time point post-ECC1, the percentage of the total ␣B-crystallin pool present in the cytoskeletal fraction had increased from ϳ8 to 26%, with corresponding loss from the cytosolic fraction (ϳ81% down to ϳ65%). As there were no significant changes in the total amounts of HSP27 and ␣B-crystallin in the whole muscle at 3 h post-ECC1 (see Figs. 1 and 2 ), these changes represent net movements of the sHSPs from the cytosolic to the cytoskeletal fraction. At 24 h post-ECC1, the percentage of the total HSP27 found in the cytoskeletal pool had dropped back to the Pre level, with corresponding increase in the percentage present in the cytosolic pool (Table 2) . A similar trend was also apparent for ␣B-crystallin. Thus the partial redistribution of the sHSPs from the cytosolic to the cytoskeletal fraction apparent at 3 h post-ECC1 was fully reversed at 24 h. Fig. 1 . Response of total and phosphorylated HSP27 to eccentric and concentric exercise, assessed in human whole muscle homogenate. Western blots for same subject showing HSP27 and pHSP27-Ser 15 (A) and HSP27 and pHSP27-Ser82 (B) in response to eccentric bout 1 (ECC1), eccentric bout 2 (ECC2), or concentric bout (CONC), before (Pre) and 3 h, 24 h, and 7 days after exercise. Molecular markers are superimposed, and lines indicate noncontiguous lanes in the same Western blot. Myosin heavy chain (MHC) on Stain Free image indicates amount of protein loaded. C-E: comparison of relative amount of HSP27 (C), pHSP27-Ser15 [normalized to total HSP27 (tHSP27)] (D), and pHSP27-Ser82 (normalized to tHSP27) (E) in whole muscle samples (n ϭ 11). Fold change shown on y-axes. For each sample, HSP band density was expressed relative to calibration curve on the same gel and normalized by corresponding MHC band density (see METHODS AND MATERIALS). Data were then expressed relative to average Pre level for ECC1 or CONC, and presented as means ϩ SE. Significance tested using Friedman rank 2-way variation test and Dunn's post hoc test: *different from Pre (P Ͻ 0.05). No statistical differences found between Pre level of three groups (ECC1, ECC2, and CONC). Plots of individual values of pHSP27-Ser15 (F) and pHSP27-Ser82 (G) for ECC1 and ECC2, with a given symbol representing the same subject in both plots. Horizontal bars indicate means. Response of total and phosphorylated ␣B-crystallin to eccentric and concentric exercise in human whole muscle homogenate. Similar to Fig. 1 The total pHSP27-Ser15 pool showed broadly similar redistribution upon ECC1 as described above for the HSP27 pool (Table 2) . At 3 h post-ECC1 the percentage of the total pHSP27-Ser15 found in the cytoskeletal fraction was increased by ϳ28% (from ϳ13 to 41%), and the percentage in the cytosolic fraction was decreased by a similar amount (ϳ24% of total pool). Subsequently, the percentage distribution of the pHSP27-Ser15 in the various fractions returned to close to their original (Pre) levels, although the reduction in the cytoskeletal fraction only reached significance at 7 days post-ECC1 rather than at the 24-h time point. The pHSP27-Ser82 pool showed a similar overall trend, increasing in cytoskeletal fraction at 3 h post-ECC1 and decreasing in cytosolic fraction, although the extent of the apparent redistribution was smaller than seen with the total HSP27 protein ( Table 2) . p␣B-crystallin-Ser59 showed similar overall behavior (Table 2 ), but the increase in percentage found in the cytoskeletal fraction at 3 h post-ECC1 (ϳ38% of the total pool, i.e., rising from Pre level of ϳ16 to 54%), was substantially greater than seen for the total ␣B-crystallin protein (only ϳ18% increase).
To further examine the distribution of the sHSPs following the eccentric exercise, we plotted the change in the percentage of sHSP in the cytoskeletal fraction (i.e., percent present at 3 h post-ECC1 minus percent present at Pre) vs. the fold change in phosphorylation level detected in the muscle for each of the 11 subjects (Fig. 4) . There was no apparent relationship between the extent of p␣B-crystallin-Ser59 phosphorylation at 3 h post-ECC1 and the partitioning of ␣B-crystallin into the cytoskeletal fraction (Fig. 4A) , and similarly no apparent relation- 
Values are the mean (ϮSE) percentage of the indicated sHSP or psHSP present in each of the three fractions (cytosolic, membrane, and cytoskeletal) at the indicated time point, for the 11 subjects examined. ECC1, first bout of eccentric exercise. The percentage of the protein in a given fraction was compared across the four time points using one way ANOVA with Tukey's multiple comparison test. *Significantly different from Pre (P Ͻ 0.05). †Sig-nificantly different from 3 h (P Ͻ 0.05). ship between phosphorylation of HSP27 at Ser82 and the partitioning of HSP27 into the cytoskeletal fraction (Fig. 4C) . Linear regression analysis did suggest a significant relationship between the extent of phosphorylation of HSP27 at Ser15 and the partitioning of HSP27 into the cytoskeletal fraction (Fig.  4B ), but the outcome was primarily influenced by the results from a single subject where there were very high levels of both phosphorylation and cytoskeletal redistribution. Finally, we examined whether there was a correlation between phosphorylation of any of the sHSPs and force decline. There was no correlation between pHSP27-Ser15 or -Ser82 and force decline, measured at 3 h following ECC1 (Fig. 5 ). There was a tendency for p␣B-crystallin-Ser59 to be correlated with force decline (Fig. 5) . As can be seen, however, there was considerable variability between the individuals, with some showing a comparatively large increase in phosphorylation with the greatest force decline, but others showing no, or a much smaller, increase in phosphorylation despite a relatively large force decline.
DISCUSSION
This study reports the first evidence of the phosphorylation of the major small HSPs in human skeletal muscle, HSP27 and ␣B-crystallin, following different types of contraction in healthy individuals. The major novel findings of this study were that 1) HSP27 and ␣B-crystallin were transiently and variably phosphorylated following eccentric exercise but not concentric exercise; 2) at rest, most of the sHSP, and most of the psHSPs, were present in the cytosol; 3) at 3 h post-ECC1 there was ϳ3-fold increase in the amounts of both HSP27 and ␣B-crystallin in the cytoskeletal fraction, without change in their overall abundance, indicating translocation had occurred; 4) such translocation of ␣B-crystallin did not occur upon the repeated bout of eccentric exercise (ECC2); 5) the increase in pHSP27-Ser15 at 3 h post-ECC1 was similar in all three fractions; and 6) the translocation of the sHSPs to the cytoskeletal fraction occurring after eccentric exercise appeared to occur independently of sHSP phosphorylation.
Small HSPs are phosphorylated early following damaging exercise. The exercise protocol utilized in this study enabled direct comparison between the effects of eccentric (ECC1) and concentric (CONC) exercise in the same subject at the same time, as well as the effects of a repeated bout of eccentric exercise (ECC2). The exercise protocol was chosen to mimic a typical type of exercise performed (e.g., ascent and descent by foot, mimicking concentric and eccentric exercise, respectively). The ϳ15% force decline with eccentric exercise in the present study was modest compared with much greater effects seen with more intense but less commonly used protocols of eccentric exercise (27, 28) . The results for muscle force decline, muscle soreness, and plasma creatine kinase (CK) have been documented previously for the subjects involved in the present study (25) . Here, in our subsample of 11 subjects, it was found that loss of muscle force and muscle soreness development was greatest following ECC1; however, there was also some loss of muscle force following CONC (ϳ5%) and ECC2 (ϳ10%). Assuming muscle force decline and soreness and plasma CK were accurate measures of muscle damage, then the greater degree of damage seen with eccentric exercise (ECC1 and ECC2) is accompanied by phosphorylation of both HSP27 and ␣B-crystallin (expressed relative to total sHSP) observed here following eccentric exercise but not following concentric exercise (Figs. 1 and 2 ). There was no correlation, however, between the force decline observed and the amount of phosphorylation observed (Fig. 5) . Our hypothesis that the upregulation in sHSP phosphorylation would be attenuated following a repeated bout of eccentric exercise (ECC2) was not supported (see Figs. 1 and 2 ). This was likely due to the fact that while there was a significant difference in muscle damage, as measured by muscle force loss 3 h post-ECC2 compared with ECC1, force was nevertheless reduced following ECC2. As hypothesized, sHSP phosphorylation (at pHSP27-Ser15 and p␣B-crystallin-Ser59) was significantly increased 3 h after eccentric exercise, with it typically returning to pre levels within 24 h (p␣B-crystallin-Ser59) or 7 days (pHSP27-Ser15) following the exercise (Figs. 1 and 2) . However, force loss was still evident more than 24 h following ECC1 and ECC2 (32) , likely indicating that the phosphorylation and/or translocation of at least p␣B-crystallin-Ser59 is an early part of the damage response.
Effect of exercise on localization of small HSPs within human skeletal muscle. We observed the amount of HSP27 to increase in the cytoskeletal fraction after ECC but did not find any significant attenuation of the effect on the second bout (ECC2) (Fig. 3G) . It has been shown that 48 h following eccentric exercise in biceps brachii, analysis based on Western blotting of HSP27 in purified fractions of muscle tissue showed HSP27 increased in purified cytoskeletal fractions (27) . Also, with similar purified fractionation, an increased content of total HSP27 was observed in a cytoskeletal fraction after ECC1, with less marked changes after ECC2, indicating a repeated bout effect (31) . This discrepancy at first seems surprising because that previous report was based on material from the same study and subjects (n ϭ 14) from which our present subsample of subjects (n ϭ 11) was obtained. However, in those earlier reports, including the one where we used a subsample of the same individuals, a different fractionation protocol was used whereby very pure fractions were obtained which required discarding of sample during sample preparation . The amount of phosphorylation at 3 h post-ECC1 for p␣B-crystallin-Ser59 (squares), pHSP27-Ser15 (triangles), and pHSP27-Ser82 (crosses) is shown on y-axis with the percentage force decline 3 h following ECC1 shown on the x-axis. Each symbol represents one subject (n ϭ 11 are shown). Coefficient of determination (R 2 ) and probability level (P) obtained by linear regression analysis shown for each case. (27, 31) . While the amount of sHSPs discarded was not known, the discrepancy between the studies suggests that this amount was different between the different biopsy time points. This was not surprising given that we now show that the amount of sHSP binding is different at different time points (see Table 2 ). In support of our hypothesis, the present study did however find clear evidence for the repeated bout effect in regard to ␣B-crystallin translocation: the amount of ␣B-crystallin in the cytoskeletal fraction was increased ϳ3-fold at 3 h post-ECC1 but was not significantly changed following ECC2 (Fig. 3J) . Translocation of ␣B-crystallin possibly reflects the level of stress that the muscle experienced. Rat studies have reported translocation of HSP27 and ␣B-crystallin from the cytosol to specific sites of damage, notably the cytoskeleton and likely to various structural proteins, following different types of cellular stress (1, 15, 16, 30) .
Previous studies have attempted to quantitatively examine sHSP translocation following exercise using immunofluorescence (7, 8) ; however, we have recently pointed out that there are problems with using such a technique and there is an inherent inability to provide quantitative data (23) . In addition, the previous studies washed muscle cryosections prior to fixing sample and the antibody being applied to the sections (7, 8) , and this effective "wash" step would result in loss of all the diffusible proteins, including sHSPs, which is the great majority of their total pool, as determined in rat tissue (18) . This inevitable loss of a pool of sHSP dictates that the data cannot be quantitative. Further, the previous human work (8) incorrectly compared pixel intensities between different sections, which is not a valid way to compare between samples.
Effect of phosphorylation on sHSP localization. Given that there was an increase in sHSP phosphorylation following eccentric but not concentric exercise, we were interested to determine whether such phosphorylation governed the translocation of the sHSPs. We found, however, that in quiescent (nonstressed) muscle the great majority of the phosphorylated HSP27 and ␣B-crystallin was present in the cytosolic fraction, indicating that phosphorylation of the HSPs was not sufficient to cause their translocation to the cytoskeletal fraction (Table  2) . Moreover, for both HSP27 and ␣B-crystallin, the proportion of the phosphorylated form found in each of the three fractions (cytosolic, membrane, and cytoskeletal) at each given time point for ECC1 (pre, 3 h, 24 h, and 7 days) was broadly similar to that observed for the total sHSP (Table 2) . In other words, the distribution of the phosphorylated forms of a given sHSP between the various fractions appeared to mainly just reflect the distribution of the total sHSP. Furthermore, when there was a large increase in the level of phosphorylation of HSP27 at Ser15 (Fig. 1D) and of ␣B-crystallin at Ser59 (Fig.  2C ) 3 h following ECC1 and ECC2, there were comparable increases in the level of phosphorylation in each of the three fractions (compare 3-h point among Fig. 3 , E-G, and Fig. 3,  H-J) . This is not consistent with phosphorylation causing major redistribution of the sHSP between compartments, and instead suggests that the sHSP phosphorylation occurs in all compartments to a fairly similar degree. Finally, consideration of the individual subject data indicated that translocation of ␣B-crystallin to the cytoskeletal fraction 3 h post-ECC1 was unrelated to its phosphorylation at Ser59 (Fig. 4A ) and similarly for the translocation of HSP27 and its phosphorylation at Ser 82 (Fig. 4C) .
The distribution of the phosphorylated sHSP found here in human skeletal muscle following damaging eccentric contraction stress is not unlike that in human aged and diseased muscle, where psHSPs were found in both the soluble (cytosolic) and insoluble (membrane and cytoskeletal) fractions (4, 33) . Furthermore, the present findings are also in line with previous observations in rat skeletal muscle, which showed that phosphorylation was not necessary for the sHSPs to bind within the muscle fibers following heat stress (19) or eccentric contractions (16) . In the latter study, the eccentric contractions in rat fast-twitch muscle resulted in Ͼ50% decline in force and redistribution of Ͼ80% of the HSP27 and ␣B-crystallin from the cytosolic/diffusible fraction to the cytoskeletal/insoluble fraction. Significantly, this almost complete relocation of the ␣B-crystallin occurred despite only ϳ20% of the ␣B-crystallin being phosphorylated, again demonstrating that phosphorylation was not necessary for the sHSP relocation. In cardiac muscle, ischemia leads to both phosphorylation of sHSP and translocation of sHSPs from the cytosol to the cytoskeleton (2, 5, 11, 12) . However, it was further found that inducing phosphorylation of ␣B-crystallin with agonists did not cause translocation, and it was concluded that phosphorylation was neither necessary nor sufficient for translocation of ␣B-crystallin in cardiac tissue (5) . Last, it has been reported that phosphorylation of HSP27 in Chinese hamster cell lines was necessary to confer its full cytoprotective effects to thermal stimuli, and for reducing oligomeric size, but was not involved in cellular localization (20) .
Comparison between different phosphorylation sites on HSP27 and their response to exercise. The stress protocol of eccentric exercise produced differences in phosphorylation of HSP27 at Ser15 and at Ser82. pHSP27-Ser15 was increased more than 2.5-fold for an extended period (3-24 h) following a first bout of eccentric exercise and the exercise also resulted in its translocation, whereas there was no significant effect on pHSP27-Ser82. These results suggest that phosphorylation at either site might have functions unique from each other or if the functions are similar, that they are triggered by unique events.
Conclusions. Our results demonstrate that muscle-damaging eccentric exercise results in phosphorylation of HSP27 and ␣B-crystallin, and that less-damaging concentric exercise alone is insufficient to phosphorylate the sHSPs and to move them from a predominantly cytosolic localization to bound sites within the cell. Translocation of HSP27 and ␣B-crystallin to the cytoskeleton, as well as phosphorylation at specific Ser sites (pHSP27-Ser-15 and p␣B-crystallin-Ser-59), occur transiently following eccentric exercise. Using the physiologically relevant exercise intervention of the current study, which caused comparatively mild muscle damage, only a small percentage of the total pool (ϳ18 to 23%) of sHSPs was found to translocate and bind to cytoskeletal sites. The study provides the first evidence that exercise interventions result in phosphorylation of the small HSPs in human skeletal muscle, and that this occurs independently of the translocation events. While phosphorylation of sHSP may play a central role in the function of sHSP, what these function(s) are and what role it has in the protection of muscle, remains unclear.
